Cost-effective and efficacious approaches to the management of hepatocellular carcinoma (HCC) must be developed in response to the rising incidence of this disease worldwide. While surgical resection is the current standard of care, most patients afflicted with HCC are unresectable at diagnosis. Developing good therapy for these patients is thus imperative. Liver transplantation offers the possibility of extirpation of not only the tumor but also the remaining cirrhotic liver. Transplantation is hence an ideal treatment option for early HCC patients with poor liver function. When transplantation occurs within the established Milan criteria, the outcomes are good (5-year survival >60%). Current efforts are under way to expand the indications for transplantation beyond the Milan criteria. The resulting surge of new algorithms may potentially shape a new system of transplantation criteria based on personalized parameter calculations. However, this change in criteria is not without controversy, and data remains inconclusive. Current bridging strategies have been similarly hindered by lack of consensus because of the lack of randomized, controlled trials demonstrating their efficacy. In addition, debate continues on the role of transplantation in early (resectable) HCC with good liver function. Issues of reimbursement, the paucity of available donor livers, and governmental funding (or lack thereof) continue to complicate the situation. In this review, issues preventing or facilitating globally consistent treatment strategies for HCC are discussed.
Introduction
Surgical resection is considered the primary mode of treatment for hepatocellular carcinoma (HCC). The high risk of perioperative mortality because of complications of portal hypertension and liver failure may preclude liver resection in many patients with advanced hepatic dysfunction. In about 80% of cases, HCC occurs in cirrhotic livers. Surgical resection in HCC fails to address issues associated with the remnant cirrhotic liver and its continued hepatocarcinogenesis. Thus, the main causes of late mortality after resection include tumor recurrence and chronic liver failure. Recurrence rates at 5 years have been reported to exceed 60% [1, 2] in some studies, and only 10-31% of recurrences may be re-resectable [3] .
The first successful liver transplantation in humans was performed by Thomas Starzl in 1967 [4] . Use of this treatment modality expanded after the introduction of improved immunosuppressive therapy (cyclosporine) in the 1980s [5] . Overall 5-year survival after liver transplantation currently exceeds 70% [6, 7] in selected centers. The early results (1980s) of liver transplantation for HCC were poor, with low overall survival (15% 5-year survival) and high recurrence (75%) rates [8, 9] . The main cause of these disappointing results was poor patient selection; patients with large tumors associated with vascular invasion and lymph node metastasis often underwent transplantation.
Criteria for Transplantation
Initial efforts to restrict liver transplantation to patients with smaller tumors culminated in the landmark paper by Mazzaferro et al. in 1996, which recommended limiting eligibility for transplantation to cirrhotic patients with solitary tumors of ≤5 cm, no more than three tumor nodules with each being ≤3 cm in diameter, and no macrovascular invasion, now collectively known as the Milan criteria [10] . Actuarial 4-year disease-free and overall survival rates in that study were 83 and 75%, respectively, which were comparable with the results of studies of liver transplantation for other indications and resection of HCC in cirrhotic livers. These results have since been validated by other groups throughout the world [11] [12] [13] [14] . In 2011, the original group conducted a systematic review of published literature over 15 years, revealing that patient selection according to the Milan criteria is an independent prognostic factor for outcome after liver transplantation for HCC [15] . A recent international consensus conference (involving 300 experts from 5 continents) recommended the Milan criteria as the current benchmark for the selection of HCC patients for liver transplantation and the basis for comparison with other suggested criteria [16] .
Reports from the Organ Procurement and Transplantation Network (OPTN) and European Liver Transplant Registry (ELTR) revealed that 14% of liver transplantations in Europe and 17.2% in the United States were performed in patients with HCC [6, 7] . Because many centers have gained increasing experience in transplantation for HCC and have achieved excellent survival results, some investigators have argued that the Milan criteria are too restrictive and that they limit options at a time when the incidence of HCC is increasing. The limitations of imaging techniques in delineating tumor size and number are worsened by the high frequency of under-or overstaging. Accuracy levels of only 60-75% in preoperative assessments using the Milan criteria have been reported [10, 17, 18] . Furthermore, using only tumor size and number as prognosticators for transplantation in HCC may be inaccurate as vascular invasion has been shown to be the strongest predictor of tumor recurrence and overall survival [12, 19, 20] . No strong linear relationship between tumor size and number and the presence of microvascular invasion has been demonstrated. In addition, microvas-cular invasion is not evident in 50% of patients with tumors >4 cm and 53% of patients with multiple nodules [12, 21, 22] .
At the University of California San Francisco (UCSF), one of the first attempts was made to extend the indications for transplantation modestly beyond the Milan criteria to include single tumors ≤6.5 cm or 2-3 tumors ≤4.5 cm at the most, with a total tumor diameter ≤8 cm (UCSF criteria) [17] . In a retrospective analysis of the impact of pathologic tumor stage on recurrence-free survival, they described survival rates equivalent to those of patients who underwent transplantation within the Milan criteria. Similar results have been described by other investigators [13, 23, 24] . The main criticisms of the UCSF study were its retrospective nature and the use of post-transplant pathological staging instead of pretransplant imaging staging to justify their criteria for expansion. In a multicenter study in which patients were assigned to groups within and beyond the Milan criteria but within the UCSF criteria, as determined by preoperative imaging, survival rates were lower in the UCSF group, although the difference was not statistically significant [25] . In response to this criticism, the groups from UCSF and the University of California at Los Angeles (UCLA) separately analyzed the same results of transplantation in HCC cases using preoperative imaging as the basis of staging. As a result, 5-year survival rates of 80.9% (median follow-up 26 months) and 64% (mean followup 6.6 years), respectively, were recorded using the UCSF criteria [14, 26] .
Mazzaferro et al. performed a multicenter, retrospective analysis of HCC in Europe and America; this analysis identified a subset of patients selected for transplantation using additional criteria. Survival in these patients was comparable with that in patients transplanted within the Milan criteria [27] . In 1,112 patients selected for transplantation using additional criteria in whom no microvascular invasion was observed on explanted histology, a 70% 5-year survival rate was recorded. Thus, acceptable survival rates may be achieved if patients fulfill the "up to seven" criteria, which states that the sum of the number of tumor nodule (s) and diameter of the largest tumor must not exceed seven. An algorithm, the "Metroticket Calculator," was then developed to predict survival after liver transplantation for different computations of tumor size, numbers of nodules, and the presence or absence of microvascular invasion [27, 28] . While this algorithm explains the biological basis behind the good survival rates in some individual patients selected for transplantation according to additional criteria, this approach has its limitations. In particular, the study in which the "up to seven" and "Metroticket Calculator" methods were suggested was a retrospective analysis of pathological data that excluded other prognostic parameters such as tumor grade. In addition, current technology is unable to determine the presence of microvascular invasion prior to transplantation.
Tumor grade has been identified as a predictive factor of HCC recurrence [12, 20] that correlates significantly with microvascular invasion [12, 21] . Several groups have used tumor grade (via preoperative tumor biopsy) in patient selection for transplantation in addition to the Milan criteria [29, 30] . The extended Toronto criteria included patients who did not meet the Milan criteria. These criteria included no size or number restrictions; patients were eligible for transplantation as long as their performance status was high and their tumors were not poorly differentiated [29] . However, there was no significant difference in 5-year survival between patients selected within the Milan criteria (72%) versus those selected within the extended Toronto criteria (70%). The accuracy of needle-core biopsy in determining tumor grade has been recently reported as 91.4% with no incidence of tumor seeding [29, 31] . Thus, the role of tumor grade in patient selection for transplantation awaits further validation.
Impact of Dropout on Outcome
All the studies reviewed thus far analyzed outcomes from the time of transplantation rather than the time of patient listing. Patients placed on the waiting list for liver transplantation may drop out because of factors such as death, tumor growth or spread exceeding acceptable limits, and deterioration in clinical status precluding transplant. The rate of dropout is dependent on the waiting time for organ availability; this is highly variable and depends on factors such as geographical region and patient blood group. When patients were analyzed on an intention-to-treat basis (from the time of listing), the dropout rate was found to be 23% in a region where the mean waiting time was 105 days. Dropout significantly impaired survival; as the waiting time increased from 62 to 162 days, 2-year survival decreased from 84 to 54% [11] . When survival was adjusted for wait-list drop out, a 10-20% reduction in patient survival was noted at every time point up to 3 years [32] . Other groups have reported 5-year survival rates of only 51-56% when outcomes were analyzed on an intentionto-treat basis [33, 34] . Thus, there is a lack of universal acceptance of indications beyond the Milan criteria, especially in geographical regions with long waiting times for a donor liver.
Most programs currently use bridging strategies, which are neoadjuvant treatments aimed to prevent tumor progression and reduce dropout rates. However, treatment strategies (transarterial chemoembolization, radio-frequency ablation, radioembolization, conformal radiotherapy, sorafenib or combination therapy) are highly dependent on local preferences. Because of the absence of randomized, controlled trials demonstrating the efficacy of bridging therapies in improving intention-to-treat outcomes, no consensus has been reached on the indications for or the type, number, and length of neoadjuvant treatment [35] .
Living Donor Liver Transplantation for HCC
One strategy to overcome deceased organ shortages and long waiting times is to use grafts of partial livers from healthy living donors. In some countries, particularly those in Asia, living donor liver transplantation (LDLT) may be the only option for transplant candidates because of the lack of deceased donors. No significant differences in overall survival between patients receiving LDLT and those receiving deceased donor liver transplantation for HCC have been demonstrated. However, higher recurrence rates were found among "fasttracked" patients in whom transplantation was performed before the innate aggressiveness of the biology of the tumor had been inadequately determined in the period between diagnosis and transplantation [13, [36] [37] [38] . This period of observation is inherent in deceased donor transplantation, which may explain lower rates of post-transplant recurrence after this procedure. However, no consensus has been reached on the optimal length of this observation period.
The main controversy in LDLT is the issue of donor safety. Living donor transplantation is unique in that risk and benefit analyses cannot be independently assessed for the donor and recipient but must be balanced between both; this is the concept of double equipoise [39] . The Vancouver Forum, an international consensus conference on the care of organ donors, recommended that LDLT be carried out only if the risk to the donor can be justified by an acceptable outcome in the recipient [40] . The status of living donation as a directed gift in the context of deceased donor organ shortage complicates and at times makes the definition of justifiable risk and acceptable outcome subjective. The busiest centers have reported donor morbidity rates of up to 38% [41] [42] [43] . An international survey of 71 LDLT programs from 21 countries revealed that 77% of programs have at least one Clavien grade III, IV, or V complication among their liver donors. In addition, 3 donors have themselves required transplantation for liver failure, and at least 34 donors have died worldwide [44] .
To justify LDLT, survival rates in HCC patients receiving live donor grafts should be similar to those of patients with comparable stage receiving deceased donor grafts. International consensus guidelines recommended that LDLT be restricted to centers with proven track records [16] . Acceptable outcomes in complex liver surgery and liver transplantation using these guidelines must be validated in order to minimize risk to healthy donors and maximize recipient outcomes [16] . Unfortunately, consistent compliance with and regulation of these guidelines have not been realized.
In major practice guidelines, including those of the American Association for the Study of the Liver (AASLD) [45] and the Asia-Pacific Association for the Study of the Liver (APASL) [46] , transplantation for HCC within the Milan criteria is advocated in patients with poor liver function who cannot benefit from liver resection. However, it has been suggested that patients with HCC and good liver function should be transplanted because of the likelihood of longer overall survival. The outcomes of resection for HCC have significantly improved in recent years compared with those in historical reports [47] [48] [49] . A review of overall survival after resection in patients selected for transplantation using the Milan criteria analyzed outcomes in 4,209 patients in whom the 5-year survival rate was 67% [50] .
In view of the worldwide increase in the incidence of HCC, liver transplantation has gained importance as a treatment option. However, the shortage of deceased donor organs makes implementation of this option difficult in many cases. Because of the inherent risks to living donors, LDLT as a primary modality of treatment in this group of patients is controversial and continues to be debated [51] . These debates can only be resolved by well-conducted cost-utility studies.
Conclusion
Liver transplantation is an acceptable treatment option in selected patients with HCC and is the treatment of choice in patients with tumors defined within the Milan criteria with poor liver function. The lack of diagnostic tools for accurate preoperative prediction of tumor biology currently restricts our ability to identify all candidates who may benefit from liver transplantation.
